Abstract The centromere is a chromosomal structure that is essential for the accurate segregation of replicated eukaryotic chromosomes to daughter cells. In most centromeres, the underlying DNA is principally made up of repetitive DNA elements, such as tandemly repeated satellite DNA and retrotransposable elements. Paradoxically, for such an essential genomic region, the DNA is rapidly evolving both within and between species. In this review, we show that the centromere locus is a resilient structure that can undergo evolutionary cycles of birth, growth, maturity, death and resurrection. The birth phase is highlighted by examples in humans and other organisms where centromere DNA deletions or chromosome rearrangements can trigger the epigenetic assembly of neocentromeres onto genomic sites without typical features of centromere DNA. In addition, functional centromeres can be generated in the laboratory using various methodologies. Recent mapping of the foundation centromere mark, the histone H3 variant CENP-A, onto near-complete genomes has uncovered examples of new centromeres which have not accumulated centromere repeat DNA. During the growth period of the centromere, repeat DNA begins to appear at some, but not all, loci. The maturity stage is characterised by centromere repeat accumulation, expansions and contractions and the rapid evolution of the centromere DNA between chromosomes of the same species and between species. This stage provides inherent centromere stability, facilitated by repression of gene activity and meiotic recombination at and around the centromeres. Death to a centromere can result from genomic instability precipitating rearrangements, deletions, accumulation of mutations and the loss of essential centromere binding proteins. Surprisingly, ancestral centromeres can undergo resurrection either in the field or in the laboratory, via as yet poorly understood mechanisms. The underlying principle for the preservation of a centromeric evolutionary life cycle is to provide resilience and perpetuity for the all-important structure and function of the centromere.
Introduction
The centromere is an essential chromosomal structure that has multiple functional roles for the accurate segregation of replicated chromosomes to daughter cells. These roles include genetic/epigenetic marking and assembly of a proteinaceous kinetochore complex during the cell cycle, mitotic checkpoint, sister chromatid cohesion and release, chromosome movement and cytokinesis (Santaguida and Musacchio 2009; Allshire and Karpen 2008; Perpelescu and Fukagawa 2011) . A defect in any one of these functions can result in aneuploid cells with gained or lost chromosomes. In mammals, aneuploidy is a major contributor to birth disorders, spontaneous abortions and infertility (Hassold and Hunt 2001) and is often associated with cancer due to the loss of tumour-suppressor genes or gain of oncogenes (Weaver and Cleveland 2007; Thompson et al. 2010 ).
In eukaryotes, centromeres are classified into two groups: simple and complex. At the core of each type of centromere is the primary nucleosomal mark, the histone H3 variant CENP-A or CenH3, which replaces the canonical histone H3 upon which downstream centromere proteins bind to and build a mature kinetochore (Black and Cleveland 2011) . Simple, 'point', or genetic, centromeres are strictly dependent on specific DNA motifs for the binding of centromere proteins, as are present in single-celled fungi in the Saccharomycetaceae family such as Saccharomyces cerevisiae and Kluyveromyces lactis (Malik and Henikoff 2009) . Complex, or 'regional', centromeres found in single-and multi-celled organisms consist of long stretches (from tens of, to a few thousand, kilobase pairs) of tandemly repeated satellite DNA and/or retrotransposable elements, which are sufficient but not essential for the binding of centromere proteins. This flexibility in the binding of centromere proteins to DNA highlights an epigenetic nature of the complex centromeres that affords them the ability to be turned on or off as a means of adaptation to genomic rearrangements in cells and driving speciation.
Here, we review evidence from comparative genome analyses, laboratory data and human cytogenetic findings that point to the centromere having an inherent capability to undergo a process of birth, growth, maturity, death and even resurrection, in a so-called centromere life cycle (Fig. 1) . Elements of such a life cycle could be detected over a relatively short period of time, even over a few generations, whilst the occurrence of other elements required a longer evolutionary time span.
Birth

Evolutionary birth of centromeres
A primitive centromere-like system appears to have simultaneously arisen with the first appearances of single-celled life forms in bacteria and Archaea. A chromosome partitioning system had evolved in concert with an increase in the amount of cellular genetic material, whose inheritance to future generations had necessitated such a DNA partitioning mechanism. The chromosome/plasmid partitioning systems in these simple organisms are very rudimentary and are based upon three components: (a) a DNA element that is recognised by, (b) a trans-acting protein that links up and (c) the polymer-based filaments that push the chromosomes to opposite poles (Malik and Henikoff 2009 ).
As cells became more complex, accompanied by an increase in DNA amount, the presence of distinct cell cycle phases and the establishment of RNAi/heterochromatin machinery in most eukaryotes, so did centromeres. However, some single-celled fungal species in the Saccharomycetaceae family could possibly have lost their RNAi/heterochromatin machinery and have reverted back to sequence-dependent centromeres such as the small point centromere of S. cerevisiae and K. lactis (Heus et al. 1993; Meraldi et al. 2006; Malik and Henikoff 2009 ). In contrast, other single-celled fungi with centromeric heterochromatin, such as Schizosaccharomyces pombe, and most multi-cellular eukaryotes have larger centromeres ranging in length from tens of kilobases to several megabases. These centromeres mainly consist of either tandemly repeated arrays of DNA or retrotransposable elements, or a mixture of both. What also made these repeat-rich centromeres different to the prokaryotic and point centromeres was the loss of a strict DNA sequence dependency; in other words, these larger/complex centromeres had shifted from a strictly genetic state to a genetic-come-epigenetic state.
Neocentromeres
The epigenetic nature of centromeres was nicely illustrated by the discovery of neocentromeres both naturally and in the Birth: chromosome containing a mature, repeat-rich centromere (green box) undergoes fragmentation, followed by the epigenetic assembly of a neocentromere (yellow box). Growth: neocentromere gradually accumulates some centromere repeat DNA, or remains centromere repeatfree. Maturity/Perpetuity: centromere is saturated with repeat sequences and undergoes rounds of contractions and expansions, together with rapid evolution of the underlying repeats. Death: genomic rearrangements can produce neocentromere-centromere or centromerecentromere functional dicentric chromosomes. One of the active centromeres is switched off and dies (black box). Resurrection: chromosome with two repeat-rich centromeres (one active and one inactive) is fragmented, followed by epigenetic resurrection of the dead centromere to provide mitotic stability to the otherwise acentric chromosomal fragment laboratory. Neocentromeres are centromeres that appear in hitherto non-centromeric chromosomal regions that are usually devoid of centromeric repeat DNA. The new centromeric sites can be stably inherited through future cell divisions, across many generations, and spanning millions of years (see "Evolutionary new centromeres" section).
In humans, neocentromeres have been reported in over 90 cases where a chromosomal rearrangement has triggered the 'birth' of a new centromere (Warburton 2004; Marshall et al. 2008a ). The most common observed cause of neocentromere formation is a chromosome rearrangement event producing an acentric or centromerically compromised (such as through partial deletion) fragment that is rescued by the new centromere. In most of these cases, the neocentromere is positioned in a gene-poor euchromatic region with no discernible sequence preference. Some clustering of reported neocentromere sites towards the ends of chromosomes has been reported, caused by the frequent loss of interstitial regions near to the deleted original centromere sites. From the available reported neocentromere cases, there is no obvious direct association between the appearance of a neocentromere and specific disease; however, most cases are associated with developmental disorders due perhaps to bias in the ascertainment of cases presenting at the genetic clinics.
Assisted centromere birthing
Historically researchers have mapped centromeres either by genetic or physical means. Once the region or candidate sequence has been identified, then the naked DNA of the corresponding sequence can be reintroduced back into the cell as an artificial chromosome construct to elicit its centromere function. Another path used to generate or activate a centromere involves forcing genomic rearrangements or centromere protein overexpression to trigger the seeding of a new centromere in a previously non-centromeric site. A number of specifics strategies have been used to effectively facilitate de novo centromere formation (Table 1) :
(a) Production of acentric chromosomal fragments Gamma irradiation had been used as an agent to fragment chromosomes in the fly, Drosophila. These experiments produced acentric fragments that, when characterised, did not contain the usual centromeric repeat DNA but were able to attract essential centromere proteins to instate functional chromosome segregation activity (Williams et al. 1998) . In a separate experimental strategy, FLPmediated recombination was used to release a distal block of heterochromatin from a Drosophila chromosome. The released, otherwise acentric, fragment formed a new centromere and was able to segregate faithfully to daughter cells (Platero et al. 1999 ).
In the larger chromosomes of plants, such as barley and wheat, Nasuda et al. (2005) induced chromosome truncation of a single barley chromosome in a wheat background. The native, repeat-rich centromere was deleted. Fluorescence in situ hybridisation (FISH) analysis showed that the derivative chromosome lacked any known centromeric repeats but contained a new centromere carrying essential centromere proteins.
(b) Eviction of endogenous centromere
In the fission yeast, the Cre-loxP system was used to excise the native centromere (Ishii et al. 2008 ). This forced centromere eviction led to either the activation of neocentromerecontaining chromosomes or the rescue of the acentric fragment via telomere-telomere fusion. Neocentromeres were found to preferentially form at subtelomeric regions of the chromosome.
Unlike fission yeast, the small regional centromeres of the pathogenic fungus Candida albicans contain no pericentric heterochromatin (Ketel et al. 2009 ). To test whether neocentromeres could be produced in this organism, the chromosome V centromere was replaced with the URA3 marker gene. Neocentromeres were able to form at multiple locations along chromosome V with no obvious sequence preference; however, direct and inverted repeats were located nearby (Marshall and Choo 2009 ).
(c) Insertion of centromere DNA into cells
The introduction of putative centromere DNA sequences into cells has been used as an assay to define the minimal region required for de novo centromere activity in a multitude of organisms. Early experiments in budding yeast showed that the centromere has strict sequence dependency for full chromosome segregation activity (Fitzgerald-Hayes et al. 1982) . Similar studies in other point-centromere species from the same phylogenetic group such as K. lactis, Candida maltosa and Candida glabrata showed that cen-DNA plasmids were mitotically stable but, surprisingly, were not able to function in S. cerevisiae even though the centromeres shared similar sequence structure (Heus et al. 1990; Ohkuma et al. 1995; Kitada et al. 1996; Stoyan and Carbon 2004) .
The activation of a fully functional centromere from in vitro DNA constructs with regional centromeres has proved to be more challenging. For example, the closest characterised regional/epigenetic centromere species to the point-centromere group is C. albicans; this species resides within the Saccharomycotina sub-phylum but in a neighbouring clade to the point-centromere species ). Attempts at transforming plasmid vectors carrying centromere-spanning DNA fragments have not shown any mitotic stability or attraction of CENP-A protein (Baum et al. 2006) . It may be that the cen-DNA plasmids need to be suitably epigenetically primed before they can elicit centromere activity.
By contrast, transformation of yeast artificial chromosomes (YACs) containing the larger regional centromeres (40 to 100 kb) of the fission yeast, S. pombe, proved to be more successful (Hahnenberger et al. 1989) . It was shown that the flanking repetitive regions were needed for full chromosome stability of the artificial chromosomes, but some of the deleted centromere DNA YAC clones were able to confer full mitotic stability. It is speculated that these abbreviated constructs may require several cell divisions to acquire the full centromeric epigenetic marks for mitotic stability (Steiner and Clarke 1994) .
In other model organisms, such as the filamentous fungus, Neurospora, and the fruit fly, Drosophila, researchers have had no success in activating centromere activity from naked DNA constructs. Reasons for this may include the constructs not harbouring adequate amounts of DNA from the centromeric locus, or the cell lines of choice lacking the relevant epigenetic factors for de novo centromere assembly. During the last two decades, a great deal of effort has been put into the induction of de novo centromere activity and the creation of artificial chromosomes in mammalian, in particular human and mouse cell lines. Early mammalian transfection experiments attempted to replicate the centromere DNA assays that had been successfully used in fungi. The integration of human alpha satellite DNA into mammalian cell lines attracted centromere proteins and exhibited centromere function but not full mitotic stability (Haaf et al. 1992; Larin et al. 1994 ). These studies were subsequently followed by a more refined human artificial chromosome construct complete with centromere, telomere and intervening genomic DNA for transfection into human cells (Harrington et al. 1997) . The centromere DNA sequences within such artificial chromosomes were able to 
Synthetic centromeres/ chromosomes Tandem bind active centromere proteins and provide stable chromosome inheritance for many cell divisions.
(e) Synthetic centromeres
The production and successful introduction of the firstgeneration human artificial chromosome vectors into human cells were the beginnings of synthetic biology methods in centromere research. Synthetic arrays of alpha satellite DNA were generated in part to improve the efficiency of centromere seeding and partly to obviate the need to experimentally manipulate large tracts of satellite-repeat DNA (Harrington et al. 1997; Basu et al. 2005) . However, questions remain whether these artificial chromosomes are structurally stable in long-term cell culture (Rudd et al. 2003a) .
Another approach used in early studies was to retrofit alpha satellite-containing YACs with telomeres and an antibiotic resistance gene (Ikeno et al. 1998 ). Transfected alpha satellite-retrofitted YAC clones were able to attract key centromere proteins and confer chromosome segregation activity. These transfection experiments showed that centromere DNA sequences, in particular those containing the 17-bp CENP-B box motif that binds directly to the CENP-B protein (Masumoto et al. 1989) , were sufficient to attract functional centromere proteins. CENP-B is a transposonderived gene, related to the Tigger/Pogo family (Smit and Riggs 1996; Kipling and Warburton 1997) . CENP-B gene knockout experiments in mouse have shown that it is not required for cell viability or development (Hudson et al. 1998; Kapoor et al. 1998; Perez-Castro et al. 1998 ) though, paradoxically, it plays an important part in the de novo formation of active centromeres in humans and mice and suppresses the formation of extra centromeres on chromosomes (Ohzeki et al. 2002; Okada et al. 2007 ).
(f) Ectopic expression of centromere determinants Unlike the canonical histone H3 in plants and animals, CenH3 is loaded onto centromeres independently of DNA replication (Malik and Henikoff 2009 ). When CenH3 is overexpressed, it creates a condition for it to be mis-loaded into non-centromeric regions, as has been observed in human and Drosophila cell lines (Van Hooser et al. 2001; Heun et al. 2006) . The mis-targeted CenH3 is able to attract a subset of kinetochore proteins and, in the face of co-existing native centromeres, triggers chromosome missegregation abnormalities.
In order to alleviate some of the chromosome missegregation defects seen in the continuous overexpression experiments, Olszak et al. (2011) monitored the short-term overexpression of Drosophila CenH3 and the seeding of new centromeres. Ectopic centromeres preferentially seeded at the boundaries of euchromatin and heterochromatin, around heterochromatic loci such as those of the pericentric and telomeric regions. These ectopic centromeres are able to attract downstream kinetochore proteins and cause chromosome segregation defects due to dicentric activity. However, the long-term stability of the newly formed kinetochores was not assessed.
(g) Tethering of CENPs to non-centromeric regions
In other synthetic biology approaches, centromere proteins have been redirected to non-centromeric sites by fusing centromere proteins to the lac repressor protein, LacI. These non-centromeric sites are engineered to contain arrays of the lacO DNA repeats which bind to the CENP-LacI fusion protein. In Drosophila S2 cells, Mendiburo et al. (2011) were able to form functional kinetochores by tethering the CenH3-GFP-LacI fusion protein to the lacO array. Episomal plasmids were able to segregate with moderate stability even after the removal of the CenH3-GFP-LacI fusion protein. Similarly, the CENP-A chaperone, HJURP, was tethered to a non-centromeric site in mammalian cells showing that CENP-A and downstream centromere proteins were able to seed a functional kinetochore (Barnhart et al. 2011) . In another approach in chicken and human cells, Gascoigne et al. (2011) bypassed CENP-A altogether, by tethering other centromere DNA-binding proteins, CENP-C and CENP-T. The DNA-binding domains were replaced with the lac repressor protein, LacI, which could then bind to an array of lacO repeats at a non-centromeric chromosomal region. This forced localisation of CENP-C and CENP-T was sufficient to attract downstream kinetochore proteins and partially induce centromere function.
From the above examples of strategies that have been used successfully for the birthing of new centromeres in vivo and in the laboratory, it is clear that new centromeres can be formed adaptively from a source of DNA that is related to the natural centromere or not all related to it, or from various ectopically expressed centromere-related chromatin proteins. We remain unclear about the exact mechanisms that trigger the birth of a new centromere, but significant strides have been made in the understanding of the essential components and roles of the centromere DNA and its many associated chromatin proteins.
Growth period
Evolutionary new centromeres
Identification of ENCs by karyotype configuration
Changes in chromosome numbers and configurations are hallmarks that separate species (Coghlan et al. 2005) . Some of these changes involve intra-and inter-chromosome breakage and joining, which in turn changes the configuration of the chromosome with respect to the centromere. A surprising feature of chromosome evolution was the discovery of centromere repositioning along a single chromosome. Evidence to support this idea first emerged when bacterial artificial chromosome (BAC) FISH probes were used to map marker positions along chromosome 9 homologues in primate species (Montefalcone et al. 1999) . Further molecular cytogenetic studies have revealed additional centromere position shift events in other primate chromosomes and in the chromosomes of many other species (Rocchi et al. 2012 ) (see "Birth" section). Unlike neocentromeres described in human patients, evolutionary new centromeres (ENCs) have undergone thousands to millions of years of growth and maturation. Since the first report, several questions have remained unanswered, such as (a) whether the centromere repositioning events truly represented the birth of a new centromere or the transposition of part of the old centromere locus to a new position and (b) did these new centromeres contain canonical centromere repeats, or were they centromere DNA repeat-free? Suggestive cues had appeared in the early literature, such as the identification of an analphoid centromere on the polymorphic chromosome 12 in the orangutan (Miller et al. 1988) . But it was not until the genome-sequencing era that the molecular characteristics of ENCs could be verified by CENP-A chromatin immunoprecipitation (ChIP) mapping onto a sequenced and assembled genome (see below).
Satellite-free ENCs
One of the big surprises that have arisen out of the mapping of ENCs by CENP-A ChIP was the discovery of satellite DNA-free centromeres in extant species. To date, such satellite DNA-free centromeres have been reported in orangutan, horse and chicken (Wade et al. 2009; Shang et al. 2010; Locke et al. 2011) .
The orangutan karyotype contains a polymorphic chromosome 12 with a putative pericentric inversion in both Pongo abelii (Sumatran) and Pongo pygmaeus (Bornean) species (Dutrillaux et al. 1975; Seuanez et al. 1976 ). These species diverged around 0.4 to 1 Ma ago. BAC FISH mapping on the two chromosome 12 s showed that there was no change in the chromosomal position of the BAC probes (Locke et al. 2011 ). This result suggested no evidence for a pericentric inversion, raising the possibility that the observed centromere repositioning was likely due to the appearance of an ENC. CENP-A ChIP mapping indeed confirmed this possibility and the fact that the ENC did not contain any centromere satellite DNA. It is thus somewhat remarkable that the ENC has not acquired any centromere satellite DNA for at least 0.4 Ma and possibly up to 12-16 Ma since the divergence of orangutans from other primates. Interestingly, the ENC chromosome has at the same time completely lost its old satellite-repeat centromere, with no trace of satellite DNA array detectable by FISH. The acquisition of the neocentromeric ENC could be explained by an unequal crossing over event, which had deleted the chromosome-12 alpha satellite array.
The horse karyotype also contains a repeat DNA-free ENC, which is not polymorphic, on chromosome 11 (Wade et al. 2009) . Mapping of this centromere shows that it contains two CENP-A domains with no other remarkable sequence features. The genus, Equus, consists of the horse, donkey and zebra, which last shared a common ancestor around 3 Ma ago. The donkey and zebra last shared a common ancestor around 1 Ma ago. It is interesting to note that the donkey has six centromere repositioning events (Carbone et al. 2006 ). The horse chromosome-11 ENC is present in horse but not donkey or zebra, dating its appearance during the last 3 Ma.
Chicken centromere DNA has recently been identified by CENP-A ChIP cloning and sequencing (Shang et al. 2010 ). This DNA is made up of a mixture of satellite DNA and retrotransposons, a feature that finds parallels in other species such as rice (see "Maturity/perpetuity" section). CENP-A ChIP sequencing has uncovered an unexpected finding that three centromeres, at chromosomes 5, 27 and Z, were free of any tandemly repeated DNA; however, the sequences of chromosome 27 and Z centromeres did reveal an enrichment for retrotransposons. Furthermore, the CENP-A domain size was found to be atypically small, at around 30 kb. These atypically small kinetochores were functional though not entirely surprising given that chicken kinetochores only bind approximately four spindle microtubules (Ribeiro et al. 2009 ).
The transition from repeat-free to repeat-occupied centromeres
Once a centromere has shifted to a new position, it has the opportunity or necessity to conform to the genetic and epigenetic characteristics of the established centromeres. It appears that the general trend is for most ENCs that have been identified in mammals to acquire centromeric satellite-repeat DNA (Rocchi et al. 2012) . A reported case of a centromere that appears to be in transition from a repeat-free to repeatoccupied status is found in the rice chromosome-8 centromere. This centromere exemplifies a neocentromere that is in the process of accumulating centromeric satellite and centromerespecific retrotransposon DNA. This centromere is thought to have arisen sometime during the last 5 Ma (Nagaki et al. 2004; Yan et al. 2008 ). CenH3 ChIP sequencing has revealed a 70-kb segment of centromeric satellite DNA embedded within a centromere domain that spans a gene-poor region of 750 kb (Yan et al. 2008) . In addition to the centromeric satellite DNA, an ancestral satellite DNA array is found located a few megabases away. Whether these neighbouring array sequences have directly contributed to the formation of the neocentromere and its subsequent acquisition of centromeric repeats is unknown.
The mechanisms governing the transition from repeatfree centromeres to fully mature repeat-rich centromeres is not well understood but are likely to involve a transpositional seeding of sequence materials from a mature centromere to the new centromere via transposable elements, recombination, or rolling circle replication and reinsertion (Plohl et al. 2008) . Once the ENC has been seeded, it is then able to expand through additional mechanisms of DNA recombination (see "Maturity/perpetuity" below).
An example of centromere repositioning that illustrates the gain and loss of centromere repeat sequences has been described in two closely related plant species, the cucumber and melon (Han et al. 2009 ), which last shared a common ancestor around 9 Ma ago. In this example, the newly repositioned centromere has acquired the canonical centromere repeat DNA whilst the inactivated centromere has lost its centromere repeats and pericentric heterochromatin (see "Death" below).
Maturity/perpetuity
Repeat-rich regional centromeres
Centromere DNA sequences were one of the first genomic regions of multi-cellular organisms to be identified and characterised. This was mainly due to their abundance, simple tandem-repeat organisation and periodicity of common restriction enzyme sites (Southern 1975 ). This relatively uncomplicated organisation turned out to be a recurring feature found in most regional centromeres of single and multi-cellular eukaryotes.
In humans, the centromere DNA is made up of head-totail tandem arrays of a 171-bp monomer repeat known as alpha satellite that often span several megabases in length (Choo 1997; Rudd et al. 2003b ). Centromere DNA array lengths are highly variable, both between homologous and heterologous centromeres. Other mammalian and many eukaryotic species also have a similar tandem-repeat organisation at the centromeres, where the DNA sequences are rapidly evolving between species and within chromosomes of the same species (Plohl et al. 2008) .
Some species such as chickens Drosophila, and many plants, contain a mixture of tandemly repeated DNA and retrotransposable elements. What is common for all regional centromeres is that the repetitive DNA provides a preferred chromatin environment for the maintenance and perpetuation of the centromeric locus. Key characteristics of this chromatin environment include the presence of heterochromatin, suppression of transcription and meiotic recombination and enriched sister centromere cohesion as a last point of chromosomal attachment before the onset of anaphase.
Centromere DNA evolution
The rapid evolution of centromere DNA within single centromeres of individual chromosomes and between species presents a remarkable feature of this locus. Most of the proposed molecular mechanisms are non-Mendelian in nature, centred on DNA repair and replication pathways. Unequal crossing over is suggested to account for most of the expansion and variation of centromere DNA sequences (Smith 1976) . Other mechanisms that contribute to centromere evolution are replication slippage, sequence (gene) conversion, rolling circle replication and reinsertion, transposition and retrotransposition (Smith 1976; Dover 1982; Pertile et al. 2009; Shi et al. 2010) .
ChIP experiments in rice have revealed rapid evolution of repeats in closely related rice species (Lee et al. 2005) . In a relatively short evolutionary space of time, 5 to 10 Ma, one centromere satellite DNA repeat has completely replaced by other satellite and retrotransposable DNAs. This rapid rate of evolution is compounded in haploid centromeres such as the primate and mouse chromosome Y centromere (Pertile et al. 2009 ). The observation that the mouse Y centromere displays a stable molecular structure for hundreds of recent generations suggests that rapid centromere DNA changes may occur sporadically, perhaps in response to environmental cues, followed by periods of structural stability through evolution.
Centromere/kinetochore expansion and stabilisation The centromere DNA is the underlying foundation upon which the mature kinetochore forms. During the nonmitotic phase of the cell cycle, the kinetochore is epigenetically marked by a group of foundation centromere proteins, also known as the Constitutive Centromere Associated Network Hori et al. 2008; Santaguida and Musacchio 2009 ). The repetitive DNA makeup of the centromere is in turn reflected by multiple kinetochore protein complexes, which go on to bind multiple spindle microtubules. Since the kinetochore structure of regional centromeres is made up of multiple subunits of the base centromere protein components, then it would be interesting to speculate that the underlying repetitive DNA assists in maintaining this structure between cell divisions.
The structural relationship between the foundation kinetochore protein CenH3 and the centromere DNA has been examined using ChIP and immuno-FISH methods. Analysis in plants (Zhong et al. 2002; Nagaki et al. 2003 ) and metazoans (Zinkowski et al. 1991; Haaf and Ward 1994; Lo et al. 2001; Blower et al. 2002) indicates that the CenH3 protein occupies only a (relatively small) portion of the centromere chromatin DNA, often showing a discontinuous distribution pattern. It is hypothesized that this discontinuous arrangement of CenH3 assists in the spatial formation of the kinetochore (Zinkowski et al. 1991; Blower et al. 2002; Marshall et al. 2008b ). The centromere DNA flanking the CenH3-occupied domains can be of the same repeat type that is bound by CenH3 or an unrelated repeat DNA that is predominantly found at pericentromeric regions (Rudd et al. 2003b; Malik and Henikoff 2009 ).
The structural relationship between centromere DNA and the kinetochore is further exemplified in the large compound centromeres in the large chromosomes of the Indian muntjac deer (Vafa et al. 1999) . Interestingly, in these chromosomes, centromere DNA expansion appears to have been accompanied by a corresponding expansion of the kinetochore region. Whilst it has been suggested that large kinetochores can presumably arise from multiple rounds of centric fusion during the karyotype evolution of the species (Brinkley et al. 1984) , such a mechanism is unlikely to be universal and would not adequately explain situations in which kinetochores have spread out to cover the entire (spindle microtubule binding surface) length of whole chromosomes (Guerra et al. 2010 ) (see "Are non-localised holocentric centromeres runaway centromere expansions?" below).
Limiting the centromere from spreading across the whole chromosome If centromere repeats can expand and contract by mechanisms such as unequal crossing over (Smith 1976) , then what intrinsic cellular mechanisms keep the centromere DNA from expanding uncontrollably? There appears to be at least two mechanisms that operate to check any rampant spreading of CenH3 and its overlaying kinetochore into other parts of the genome. These mechanisms relate to the role of pericentromeric heterochromatin and negative selection against mislocalisation of CenH3.
As pericentromere DNA flanking, the CenH3 region is generally marked by the constitutive heterochromatic histone modification mark, histone H3 lysine 9 tri-methyl (H3K9me3), together with other heterochromatin-associated proteins. Pericentric heterochromatin has multiple functions, including epigenetic silencing of gene transcription, sister centromere cohesion and, importantly, acting as a barrier between the centromere and the euchromatin. In fission yeast, candidate barrier sequences in the form of tRNA genes flank the core centromere domains. Deletion of these genes results in the spreading of the flanking pericentric heterochromatin into the CenH3 domain thus weakening centromere function (Scott et al. 2006) . Contrastingly, H3K9me3 heterochromatin is needed for the retention of normal amounts of CenH3 at the centromere of the filamentous fungus, Neurospora crassa. This heterochromatic mark is present throughout the CenH3 region whereas the H3K4me2 mark that is commonly found in many metazoan centromeres is not present (Blower et al. 2002; Smith et al. 2011) . Loss of this silencing mark in mutants of H3K9me transferase and the heterochromatin protein, HP1, showed that CenH3 levels were reduced at centromeres when compared to wild type (Smith et al. 2011) .
In human artificial chromosomes in which alpha satellite DNA is interrupted with plasmid vector and an antibiotic resistance gene, the CenH3 is shown to spread into the intervening vector sequences (Lam et al. 2006) . The confinement of CenH3 at the centromeres can also be lifted when the protein is overexpressed in human and Drosophila cells (Van Hooser et al. 2001; Tomonaga et al. 2003; Heun et al. 2006) . CenH3 overexpression results in mislocalisation of the protein and triggers the partial assembly of downstream kinetochore components at ectopic chromosomal sites that in turn attracts spindle microtubules and leads to an increase in chromosome missegregation (Heun et al. 2006; Au et al. 2008; Amato et al. 2009 ). Such a phenotype points to a negative selection mechanism against CenH3 spreading. In addition, molecular mechanisms exist to ensure that CenH3 is correctly localised at the centromere. Proteasome-mediated degradation of mis-incorporated CenH3 is found in organisms such as budding yeast and flies (Collins et al. 2004; MorenoMoreno et al. 2006) . In yeast, mis-incorporated CenH3 is targeted for proteolysis by the E3 ubiquitin ligase, Psh1 (Ranjitkar et al. 2010) .
During the last decade sequence analysis, studies on DNA-binding centromere proteins, such as CenH3 and CENP-C, have revealed a paradoxically high rate of evolution for such essential cell cycle proteins Talbert et al. 2002; Cooper and Henikoff 2004; Talbert et al. 2004; Schueler et al. 2010 ). This high rate of sequence divergence mirrors the high rate of evolutionary change in centromere DNA. Henikoff et al. (2001) have proposed the 'centromere drive' model which describes a mechanism where centromeres are under competitive selection to be included into the oocyte, which undergoes asymmetric meiotic divisions during which three out of four meiotic products are eliminated. Close inspection of the type of sequence changes that are driving centromere protein evolution has shown that they are undergoing adaptive or positive selection (Malik 2009 ). This is especially evident in organisms with a combination of asymmetric meiotic divisions in females and symmetric meiotic divisions in males. In these organisms, centromeres have been proposed to be under 'conflict' where expanding centromere DNA is kept under check by adapting centromere and heterochromatin proteins. In organisms where asymmetric meiotic divisions are absent such as yeast, we do not observe any positive selection for CenH3, and centromeres are kept to a minimum size, since there is no selective advantage for a larger centromere Baker and Rogers 2006) . This may also explain why the chromosome Y centromere in humans and mice is smaller than the centromeres of the autosomes and X chromosome, since the Y centromere is only present in meiotic tissues that undergo symmetric cell divisions (Irvine et al. 2004; Pertile et al. 2009 ). Therefore, one would expect runaway centromere DNA expansions in organisms that have only asymmetric 'female' meiotic cell divisions. Recently, CenH3 sequences have been analysed in multiple species of the ciliated protozoon lineage, Tetrahymena (Elde et al. 2011 ). This singlecelled organism only has asymmetric 'female' meiotic cell divisions. Surprisingly, it was found that the CenH3 proteins do not show any evidence for positive selection which suggests unsuppressed centromere drive in the absence of male meiosis. However, no studies have been performed to define the centromere DNA along the chromosomes of these species.
Are non-localised holocentric centromeres runaway centromere expansions?
As mentioned above, holocentric chromosomes contain a kinetochore that spans the entire length of each chromosome. These atypical centromeres have been identified in organisms such as worm, insects, arachnids, plants and ciliates (Guerra et al. 2010 ). This type of centromere is not unique in eukaryotes and appears to have arisen multiple times during evolution. So are holocentric centromeres examples of a runaway centromere expansion? Malik (2009) proposes that holocentricity may have been a mechanism to suppress centromere drive by limiting the spread or accumulation of centromere repeat DNA. This hypothesis is circumstantially supported by a lack of evidence for any obvious abundant centromere repeat DNA. That said, even though the CenH3 protein has been identified from several holocentric species, the actual centromere DNA remains to be identified. Possibly, the kinetochore binding sequence has completely lost its affinity to satellite or transposon DNA and is primarily directed by epigenetic mechanisms.
Death
Similar to the birth of centromeres, death is often triggered by a chromosomal rearrangement event where, for instance, two centromeres are brought together onto the same chromosome. This can occur via the translocation of two active centromeres to one chromosome, or by the appearance of a neocentromere onto an existing chromosome (Marshall et al. 2008a) . In most eukaryotes, two active centromeres separated by a substantial stretch of intervening DNA can result in the tearing apart of the chromosomes if both centromeres from the same chromatid are not orientated to the same pole (McClintock 1938; Koshland et al. 1987; Lukaszewski 1995) . This situation is alleviated in holocentric chromosomes where scaffold proteins such as the condensin complex or other centromere proteins keep the sister chromatids rigid and parallel thus minimising the twisting and incorrect orientation that would result in chromosome breakage (Hagstrom et al. 2002) .
To alleviate the breaking of a chromosome with two active centromeres, cells have a mechanism to inactivate one of the centromeres. The exact process governing the choice of which centromere becomes inactive is largely unknown. However, studies with engineered human dicentric chromosomes have shown that such a process is mostly epigenetic and that the inactivation status is not necessarily fixed (Higgins et al. 2005) .
Once a centromere is no longer functional, what then happens to its centromere proteins? In humans, functionally essential centromere proteins no longer bind to inactivated centromeres, with the exception of CENP-B and some limited binding of heterochromatin proteins (Earnshaw and Migeon 1985; Page et al. 1995; Sullivan and Schwartz 1995) . The consequence of the loss of active centromere marks is the abolition of spindle microtubule binding and a decrease in sister centromere cohesion late in metaphase. In the maize plant, centromere inactivation of dicentric chromosomes also involves the loss of the CenH3 mark (Han et al. 2006) .
Once a centromere has 'died', there will no longer be any requirement to maintain its centromere DNA sequences. With time, these sequences will decay away due to deletions, the accumulation of mutations and the insertion of transposable elements. During the evolution of humans, there have been several instances where centromeres have undergone inactivation. Known chromosomal sites showing remnants of past centromere inactivation that have been reported include 2q21, 6p22, 9q13 and 15q25 (Yunis and Prakash 1982; Baldini et al. 1993; Ventura et al. 2003; Capozzi et al. 2009 ). For example, after the divergence of the homonid and chimp lineages, two chromosomes have undergone a fusion translocation to produce human chromosome 2 (Yunis and Prakash 1982) . FISH mapping studies with centromeric alpha satellite DNA showed the existence of a secondary hybridisation signal on the long arm of chromosome 2 (Baldini et al. 1993) . This was the remnant of a previously active centromere, which is now decaying away. Since the human genome has almost been fully sequenced and assembled (apart from heterochromatin and centromere regions which are composed of homogeneous arrays of satellite repeats), we closely examined this previously active region. This region showed a stretch of alpha satellite spanning 42 kb at chr2:132966375-133007983 (GRCh37/hg19 assembly). Dot plot alignment analysis showed no evidence of any higher-order repeat structure. Our analysis has also detected the presence of recently inserted interspersed repeats including a full-length LINE 1 (class L1PA3) and a hominid-specific retroposon, SVA. This once-active centromere is present in other primate species such as chimp, gorilla and orangutan. Based on the sequenced chimp genome and partially assembled centromereflanking regions of chromosome 2b chr2B: 132,834,456-132,900,124 and chr2B:135,910,915-136,163,394 , p and q side, respectively (CGSC 2.1.3/panTro3 assembly), there is some evidence for a higher-order repeat structure, with a 1.2-and 0.34-0.68-kb repeating unit, at the p and q flanking regions, respectively. These analyses indicate that the death of a centromere is accompanied by a significant loss of centromere DNA composition and organisation.
Resurrection
The two most common types of DNA repeats to be found at centromeres are satellite and retrotransposon DNAs. These sequences are not necessarily restricted to centromeric regions, as has been shown in multiple organisms (Sun et al. 1997; Rudd and Willard 2004; Ma et al. 2007; Cellamare et al. 2009; Nagaki et al. 2009; Shang et al. 2010) . This observation begs the question of what is the possible role of such sequences away from their centromeric home. Are they simply vestiges of old, inactive centromeres, mislocated centromeres or have they been borrowed from other regions such as telomeres as observed in Drosophila (Sun et al. 1997) ?
Another possible role for these sequences is in the seeding or 'resurrection' of new centromeres. One example where an inactivated centromere can be resurrected has been described in maize (Han et al. 2009 ). In this study, unstable dicentric chromosomes with a large and small centromere with typical centromere DNAs have become stabilised through the inactivation of the smaller centromere. The small centromere stably retains its inactive state through multiple generations. To test whether the inactive small centromere could be reactivated, the investigators induced an intrachromosomal break to separate the two centromeres. Once separated the previously inactivated centromere became active, as shown by the functional centromere marks, CenH3 and CENP-C, and the stable segregation of its associated chromosome. What remains unanswered is whether the inactivated centromere contains any unidentified epigenetic marks that keep the centromere in a dormant state, or whether the relatively intact DNA sequence and topology are sufficient to trigger reactivation (see also "Birth" of centromere via naked centromere DNA).
ENCs or neocentromeres with flanking centromere DNA?
Presently, there is no clear evidence to suggest that ENCs have arisen from inactivated centromere DNA. It is difficult to track the life history on an ENC because its neocentric event has usually occurred thousands to millions of years ago, allowing new centromeric DNA ample opportunity to invade the ENC site (see "Growth period" above). Even the reporting of many de novo neocentromere cases in humans has provided no obvious 'resurrection' event from previously inactivated alphoid DNA (Marshall et al. 2008a) . One possible primate group that lends itself for the investigation of the re-birth of new centromeres is the lesser apes. This group of species is known to have undergone rapid karyotype evolution (Misceo et al. 2008) . One striking example is in the white-cheeked gibbon, Nomascus leucogenys. Cloning and FISH analysis of the centromeric alpha satellite has shown a complex genomic distribution, where strong alphoid signals are not only found at centromeres, but telomeres and interstitial regions (Cellamare et al. 2009 ). This may reflect genomic rearrangements across alphoid regions and the resulting greater opportunity for the reactivation of the inactivated alphoid regions.
Clustering of human clinical neocentromeres on the qarm of chromosome 15 has suggested the possibility of a sequence-dependent seeding site. Closer inspection of this region reveals the presence of an ancestral centromere containing segmentally duplicated DNA clusters that typically reside around pericentric regions (Ventura et al. 2003; She et al. 2004 ). This ancient centromere was estimated to be inactivated around 25 Ma ago, after the divergence of the great apes from old world monkeys (Ventura et al. 2003) . Chromosome 6p22.1 is another possible site of centromere re-birth because of the presence of an ancient centromere; however, only one case has been described (Capozzi et al. 2009 ). Evidence to suggest that inactive alpha satellite may not form neocentromeres comes from the largest noncentromeric block of alpha satellite on 2q21.1 (see "Death" section) where no neocentromere cases have been reported, though this could be due to the relatively low number of clinical neocentromere cases described to date, or the presence of important genes whose triple dosage is incompatible with normal development.
Conclusions
The resilient centromere
The centromere is an intriguing chromosomal structure that is capable of undergoing evolutionary cycles of birth, growth, maturation, death and resurrection. Such a 'centromere life cycle' characteristic is not entirely surprising given the biologically important roles centromeres play in protecting the proper inheritance of our DNA and the necessity to maintain its perpetual presence in the face of untold genomic rearrangements that drive evolution on the one hand and threatens the ongoing existence of the centromere on the other hand. Paradoxically, for such an essential functional role, the centromere evolves rapidly at the DNA and protein level. This high rate of change attests to the remarkable resilience of the centromere as it constantly adapts to its genomic environment. A key contributor to this resilience rests in the epigenetic nature of the centromere. It is this epigenetic capability that allows an inactivated centromere or the chromatin of an ancient or hitherto non-centromeric genomic site to be remodelled into a functional kinetochore. However, we are far from fully grasping the nature of the epigenetic mechanisms at play. The roles of DNA methylation, histone modification, centromere transcription and its transcripts, are only beginning to be recognised. The detailed contributions of these players remain to be deciphered and present fertile grounds for research for the cellular, molecular and evolutionary biologists.
